Swellable elastomers are used to seal flow channels in oilfield operations. After sealing, the elastomers are constrained triaxially, and a contact load builds up between the elastomers and surrounding rigid materials. For these applications, the ability to predict the evolution of the contact load is important. This work introduces an experimental setup to measure the contact load as a function of time. The experimental data are well represented by a simple time-relaxation equation derived from the linear poroelastic theory, enabling a determination of the effective diffusivity of solvent inside the elastomers. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
A swellable elastomer is a cross-linked polymer network that can imbibe solvent, resulting in an increase in volume when the polymer is free to swell, and a development of force when the polymer is constrained by the surrounding materials. The swelling is used in applications in oilfields, e.g., as self-healing cements [1] [2] [3] and swellable packers. [4] [5] [6] [7] In an application, the elastomer is selected to imbibe a certain kind of fluid (water, oil, or natural gas), called the solvent. Whenever exposed to the solvent, the elastomer will swell and seal the flow channel. Such a seal is self-actuated, which is attractive for applications where interventions are expensive or time-consuming. For a self-healing cement, small elastomer particles are incorporated into the cement. When the cement cracks, the elastomer particles are exposed to the downhole fluid, swell and seal the cracks. For a swellable packer, a cylindrical tube of an elastomer imbibes the downhole fluid, swells, and seals the wellbore.
In these oilfield applications, the swelling is under triaxially constrained conditions. In the self-healing cement, the elastomer particles are constrained by the cement matrix. In the elastomer packer, the cylindrical tube is constrained by the metallic casing and rocks. A compressive load, known as swelling pressure, will develop against the constraints. In general, the larger the swelling pressure, the better the seal. The time to build up the swelling pressure is also critical for these applications. For example, the cement is required to firmly bond with casing and rocks after several days, 8, 9 and the swellable packer is required to sustain a large differential pressure after several weeks. 10, 11 There are many studies on swellable elastomers under free-swelling conditions (e.g., Refs. 12-14), but little work has been done to measure the buildup of swelling pressure under constraints. Several nonlinear field theories have been developed in the past few years. [15] [16] [17] [18] After characterizing the parameters in the theories using experiments with simple boundary conditions, these theories in principle can be used to predict the behavior of swellable elastomers with irregular geometries under arbitrary boundary conditions. However, many parameters may be needed to characterize any given industrial material, 19 so that these nonlinear field theories are difficult to use in applications.
This paper introduces an experimental setup to measure the swelling pressure as a function of time. To analyze these experimental data, we derive a time-relaxation equation from the linear poroelastic theory. We determine the diffusivity by fitting the model with experimental results. We observe that diffusivity increases linearly with swelling ratio. The experiments and model together provide an approach to characterize the kinetics of swelling under constraints.
II. EXPERIMENTS
In the experiment, a dry cylindrical sample is initially tightly fit into a metallic tube with two porous ceramic disks on its top and bottom (Fig. 1) . The bottom disk is fixed, while a compression tester is linked to the top disk, recording the contact pressure generated by the sample. The whole sample is then submerged into a solvent bath with temperature maintained at 82 C. The constrained swelling ratio is controlled by the gap between the two disks. This setup is inspired by Katti and Shanmugasundaram, 20 and here we add a thermal bath to control the temperature. We design this experimental setup to resemble the real application, where elastomer is constrained by rock or cement, and the solvent comes from the crevices, cracks or gaps.
In this experimental setup, the metallic tube (internal diameter 29 mm and external diameter 50 mm) is made of stainless steel, which is much stiffer than the elastomer. The sample consists of 6 stacked rubber disks (total thickness 12 mm) cut from sheets (molded following ASTM D3182). The diameter of the rubber disks is 29 mm, which is identical to the internal diameter of the metallic tube, so that the rubber disks will not swell in the radial direction. The ceramic disks (diameter 29 mm and height 13 mm) are cut from sintered ceramic plaques consisting of aluminum oxide with connected porosity and an average pore size of 90 lm, which guarantees that the permeation of the solvent through the plate is much faster than the permeation of the solvent through the elastomer. The solvent bath is heated using an At the beginning of the experiment, the cell, which includes metallic tube, sample, porous disks, bath (no solvent has been added yet) and heater, is placed in the INSTRON machine, on a semi-spherical joint. This joint helps to correct misalignments in the setup. The cell is then heated to the set temperature. Once at thermal equilibrium (note that no solvent is added at this moment and the sample is still in air), the gap is adjusted to the desired value, corresponding to the desired swelling ratio, as illustrated in Fig. 1(b) . For example, the gap is adjusted to 1.2 mm for the 10% swelling of the 12 mm thick sample. Then, the solvent, pre-heated to 82 C, is added into the cell. The gap is adjusted after thermal equilibrium in air to ensure maximum accuracy, but due to different thermal properties of air and oil, the thermal expansion of the shaft may vary after the introduction of solvent, which may introduce a variation of length on the order of hundred micrometers, i.e., a few percents of error in the swelling ratio. From the moment the sample touch the top disk ( Fig. 1(c) ), a contact load is generated and being recorded until reaching an asymptotic value. The gap is then increased by moving up the shaft (for example, the shaft is moved up by another 1.2 mm to reach 20% swelling), as illustrated in Fig. 1(d) . The test described in this paper lasted around 30 days (4 steps), during which the sample aging is considered negligible.
In this work, a commercially available styrene butadiene polymer (Astlett Rubber SBR 1502) is compounded with regular rubber additives (activators, antioxidants, accelerators) and sulfur cured. It is compounded and molded following ASTM D3182 in sheets that have the dimensions 150 mm Â 150 mm Â 2 mm. The solvent is chosen as hexadecane (99% purity, Sigma Aldrich). This combination is representative of the oilfield application. The test temperature of 82 C is also characteristic of low temperature oil wells and has the benefit of accelerating the swelling and homogenization processes. The gap has been set from 10% to 40% of the original sample height, with 10% as the interval. This swelling ratio range is representative of swelling ratios expected in oilfield applications.
III. KINETICS OF SWELLING PRESSURE BUILDUP
Using the experimental setup mentioned above, we have measured the kinetics of swelling pressure buildup at different swelling ratios (10%, 20%, 30%, and 40%) and results are shown in Figs. 2 and 3 . The curve for the swelling ratio 40% displays a small jump at round 1 day, which we think is related to misalignment correction due to the semi-spherical joint movement.
After touching the top disk ( Fig. 1(c) ), the swelled sample is constrained in radial direction by the metal tube and axle direction by top and bottom ceramic disks. At the moment of touching, the solvent is concentrated near the top and bottom surface and the contact load (swelling pressure) is zero. Associated with the redistribution of the solvent inside, the swelling pressure tends to increase and reach maximum when equilibrium state reaches.
The kinetics of swelling pressure buildup is studied using a linear poroelastic theory. This theory is adapted from Biot's theory for the consolidation of soil 21 and has been shown to agree well with experiment of the constrained swelling of a hydrogel thin layer. 22 By assuming the solvent concentration is uniform over the cross-section of the sample, this linear poroelastic problem becomes one-dimensional and the timeevolution of solvent concentration, displacement fields and the swelling pressure can be obtained analytically as a series of Fourier expansion. Detailed discussion is given in the Appendix. The leading term of the analytical solution for swelling pressure is given as 
where r ðeÞ z is the equilibrium swelling pressure that is taken as the long-time value measured from experiments, and s is given by
Here H is the distance between the top and bottom disks (the height of the sample after swelling) and D is the diffusivity of the solvent inside elastomer. Therefore, the development of swelling pressure can be considered as a time-relaxation process and s is the time-scale to reach equilibrium.
First, we demonstrate that the swelling pressure as a function of time measured from experiments is well represented by this time-relaxation form. Equation (1) 
This expression is a semi-logarithmic relation between r z À r ðeÞ z and t. The experimental data are plotted in this form in Fig. 2. After a short transitional period (around 1 day) , log½r z ðtÞ À r ðeÞ z decreases nearly linearly with respect to t until reaching equilibrium (after 4 days). Therefore, the buildup of swelling pressure is indeed a time-relaxation process as predicted by the linear poroelastic theory.
Next, we extract the diffusivity D. According to Eq. (3), the slops of the lines in Fig. 2 correspond to the characteristic time s. These slops, together with Eq. (2), determine the values of D for different swelling ratios, as listed in Table I . Fig. 3 compares the time-relaxation curves with the coefficient values specified in Table I (solid blue lines) and the experimental results (red dots). The fitting curves are in good agreement with those measured experimentally, especially after short transitional periods. This agreement further corroborates the validity of this method. The diffusivities estimated for each case are shown to have a positive correlation with the swelling ratio, as shown in Figure 4 . This trend can be approximated with a linear relation using least-square fitting
where D o ¼ 1:30 Â 10 À11 m 2 =s and DD ¼ 0:72 Â 10 À11 m 2 =s. It has been reported that the diffusivity increases with swelling ratio, 23 which is consistent with the observation made in this work.
IV. CONCLUSION
This paper introduces an experimental setup to measure the swelling pressure as a function of time. The elastomer swells under triaxially constrained conditions, which are representative of oilfield applications. A simple time-relaxation form that is developed from the linear poroelastic theory is demonstrated to be able to readily capture the kinetics of swelling pressure buildup measured from experiments. By fitting the theoretical expression to the experimental data, we obtain the effective diffusivity of the solvent in the elastomer. The effective diffusivity is found to increase with the amount of swelling. The experimental setup developed here, along with the method to analyze data, can be applied to other swellable elastomers of interest.
APPENDIX: LINEAR THEORY ON SWELLING UNDER CONSTRAINT
The linear model of swellable elastomers 22, 24 is adapted from Biot's poroelastic theory for the consolidation of soil. In this work, this model is used to study the buildup of swelling pressure measured from the experiments. An elastomer imbibes a solvent and forms a body. In the reference state, the body is subject to no mechanical load, the concentration of the solvent in the body is C o , and the chemical potential of the solvent in the body is l o . In the current state, the body deforms by displacement field u i , the chemical potential of the solvent in the environment is l, and the stresses are given by
where e ij ¼ 1=2ðu i;j þ u j;i Þ are the strains, G is the shear modulus, is Poisson's ratios, and X is the molar volume of the solvent. Since the volume of mixing swellable elastomer and the corresponding solvent is often negligible comparing to the deformation, we apply the molecular incompressible condition 25, 26 e kk ¼ ðC À C 0 ÞX;
where C is the solvent concentration in the current state. In each moment, the body is always in force balance r ij;j ¼ 0:
However, the solvent in the different parts of the body may not be in equilibrium, so that the solvent can migrate in the body. The conservation of the number of solvent molecules requires that
where J k is the flux of the solvent in the body. We will assume that the flux obeys Darcy's law
where k is the permeability and g is the viscosity of the solvent. A combination of the above equations gives that
with
Substituting Eq. (A1) into Eq. (A3) gives
Substituting Eq. (A2) into Eq. (A6) gives @ @t
Therefore, the displacement field u i ðx i ; tÞ and chemical potential field lðx i ; tÞ are governed by Eqs. (A8) and (A9) together. FIG. 4 . Correlation between diffusivity and swelling ratios, where the red dots are the diffusivity values extracted from experiments and the straight blue line is the linear fitting between diffusivity and swelling ratios.
